Bioremediation is a biological method for removing heavy metals from the environment. Heavy metal binding proteins have been identified in various organisms
Heavy metals released in the environment pose a risk to humans. Bioremediation is the treatment of hazardous heavy metal contamination in the environment with biological agents, such as bacteria or plants 3 . The expression of heavy metal binding proteins or peptides in microorganisms to enhance heavy metal accumulation has great potential for bioremediation 17 . Heavy metal binding proteins have the ability to bind and absorb various types of heavy metals and have been utilized in the treatment of heavy metal contamination 14, 29 . Genetically engineered bacteria expressing heavy metal binding proteins exhibit a successful ability to absorb and accumulate toxic heavy metals 15, 22 . The recombinant strain of Caulobacter crescentus expressing 6 His fusion protein has an ability to remove cadmium from water 18 . Recombinant spores of Bacillus subtilis expressing CotB comprising poly-histidine residues show increased ability to absorb and accumulate Ni 2+ 12 . Genetically engineered E. coli expressing a cadmium transport system and metallothionein can tolerate and accumulate higher concentrations of Cd 2+ and other heavy metals compared to control 7, 21, 22 . The CXXC motif is a metal binding domain that contains four Cys-X-X-Cys motif where X is any amino acid. It has been identified at the N-terminal of copperATPases and metal chaperones of eukaryotes and prokaryotes 1, 10 . Histidine rich peptide is a metal binding domain capable of binding multiple atoms of Zn 2+ , Ni 2+ , Co 2+ , Cu 2+ , Cd 2+ and Hg 2+ 9 . Cys-X-XCys or histidine rich metal binding motif is present in the soft metal ATPase and chaperone protein of prokaryotes. S. aureus contains a heavy metal binding domain at the N-terminal of several proteins, including those encoding by ctsR or cop operon 23, 24, 25 . CXXC motifs were found in the Nterminal of copper transporters CopA and McsA in all S. aureus strains, whereas histidine rich peptide was found in the N-terminal of copper efflux transporters of some S. aureus strains. These heavy metal binding proteins can bind various heavy metals 2 , thus, it is possible to take advantage of these proteins in the study of bioremediation. In the present work, we constructed genetically engineered E. coli harboring a mcsA gene with 4 heavy metal binding domains (CXXC motif) (C4) and 8 heavy metal binding domains (C8). Genetically engineered E. coli expressing a combination of 4 heavy metal binding domains and a His rich metal binding domain (C4His) was also constructed. The objective of this study was to compare heavy metal binding and accumulation in these three genetically engineered E. coli harboring various heavy metal-binding domains.
MATERIALS AND METHODS
Strains, plasmids, media and culture conditions. The S. aureus, E. coli and plasmids that were used in this study are described in Table 1 . PlasmidpRSETa was used to express the C4, C4His and C8 recombinant proteins in E. coli, S. aureus was grown in TSB and E. coli was grown in LB broth at 37°C. When needed, 50 µg/ml ampicillin and 10 µg/ml chloramphenicol were added to the growth medium.
Cloning and Overexpression of C4, C 8 and C4His recombinant protein.
To construct C4 recombinant protein, PCR of mcsA gene was performed using two oligonucleotide primers (mcsA-F1 and mcsA-R3, Table 2 ) and S. aureus genomic DNA strain SH1000 as a template. The PCR products were cloned into the TA vector (RBC Bioscience, Taiwan) and subsequently cloned into BamHI and sites HindIII of pRSETa vector containing an N-terminal 6xHis-tag. C8 recombinant protein was constructed by the PCR of the mcsA gene using oligonucleotide primer (mcsA-F1/mcsA-R1 and mcsA-F2/mcsA-R2, Table 2 ) and the S. aureus genomic DNA strain SH1000 as a template. Both PCR products were digested with HindIII and ligation, the resulting fragments were cloned into a pBluescript vector (Fermentas) and subsequently cloned into BamHI and EcoRI sites of a pRSETa vector. C4His recombinant protein was constructed by the PCR of the mcsA gene and the copA gene using oligonucleotide primers (mcsA-F1/mcsA-R1 and His-F/His-R) and the S. aureus genomic DNA strain SH1000 and ATCC12600 as a template, respectively. Both PCR products were digested with HindIII, ligation and the resulting fragments were cloned into a pBluescript vector (Fermentas) and subsequently cloned into BamHI and EcoRI sites of the pRSETa vector. The E. coli BL21 (DE3) pLysS (Novagen) was transformed by recombinant plasmid by the heat shock method. To overexpress the recombinant protein, the transformants were grown in LB containing 50 µg/ml ampicillin and 10 µg/ml chloramphenicol at 37ºC until the optical density at 600 nm reached 0.4. Then, the cells were induced to express their proteins by adding 1.0 mM of IPTG for 4 hrs. The induced cells were harvested, washed, and re-suspended in a lysis buffer. Pellets were homogenized and the cell debris was removed by centrifugation at 12,000 rpm at 4ºC. Supernatants were applied to nickel-charged agarose affinity columns (Novagen) and eluted with 200-400 mM imidazole. Fractions containing the overexpressed His-tag protein were pooled and dialyzed against dialysis buffer (25 mMTris, 100 mM sucrose, 50 mMNaCl, 1 mM of DTT, pH 8.0). Characterization of the metal binding activity of C4, C 8 and C4His recombinant protein by IAA chromatography.
The metal binding activity of the recombinant protein was determined by using iminodiacetic acid-agarose (IAA) chromatography as described by Sitthisak, et al (2012 ) at a final concentration of 1 mM were used. 50 ¼g of purified recombinant protein were added to the resin. Columns were centrifuged to remove unbound proteins and washed with a sodium phosphate buffer. Bound proteins were eluted from the column with 50 mM EDTA in a sodium phosphate buffer. Both eluted and unbound proteins were analyzed by 15% SDS-PAGE.
Analysis of growth kinetics of the E. coli expressing C4, C 8 and C4His recombinant protein in the presence of heavy metals
To study the effects of heavy metals in the E. coli expressing recombinant proteins, the growth characteristics of E. coli strains were determined under various heavy metal conditions and compared to E. coli harboring plasmid pRSETa. Bacterial cultures harboring various overexpressed plasmid were grown in an LB broth containing 50 ¼g/ml ampicillin and 10 ¼g/ml chloramphenicol, heavy metals (Cu ) were added to various final concentrations. Bacterial cultures were induced by the addition of 0.1 mM IPTG. The culture tubes were incubated at 37°C with shaking (200 rpm). Growth was measured by optical density determination at 600 nm with a spectronic-20 spectrophotometer.
Analysis of intracellular heavy metal accumulation.
Overnight cultures with over-expressed recombinant proteins or control strains were diluted 1:100 in fresh LB media containing 50 ¼g/ml ampicillin and 10 ¼g/ml chloramphenicol. Cultures were grown at 37°C until the optical density at 600 nm of the cultures reached 0.4-0.6. The cultures were subsequently induced with 1 mM IPTG and various heavy metals were added.The cultures were incubated for 4 hrs. Subsequently, cells were harvested by centrifugation for 10 min at room temperature and washed three times with 10 mMTris/HCl (pH 7.4) containing 1 mM EDTA and once with analysis grade dH 2 O. Cells were dried overnight at 80°C then dissolved in concentrated nitric acid. Disrupted cells were then diluted with analysis grade dH 2 O and centrifuged for 10 min at room temperature. The concentration of heavy metals in the soluble fraction was measured by atomic absorption spectrophotometer.
RESULTS

Construction and purification of C4, C8 and C4His rich recombinant proteins
Gene encoding heavy metal binding motifs from S. aureus. copA and mcsA were used to generate the fusion proteins. C4 recombinant protein was cloned from 567 bp of mcsA gene from S. aureus (Fig 1 (A) ). C8 recombinant protein was cloned from fusion gene of two of 360 bp N-terminal of the mcsA gene resulting in 720 bp of fusion gene (Fig 1 (B) ). C4 His rich was cloned from the hybrid gene of 360 bp N-terminal of mcsA and 249 bp Nterminal of copA S. aureus resulting in 609 bp of fusion gene (Fig 1 (C) ). Genetically engineered E. coli harboring C4, C8 and C4His recombinant proteins were constructed. Recombinant proteins were expressed and purified and all recombinant proteins were expressed in soluble form. As shown in Figure 2 ., the C4, C8 and C4His recombinant proteins were expressed as molecular weights of 25 kDa, 35 kDa and 32 kDa, respectively.
Analysis of metal binding activity of the C4, C8 and C4His rich recombinant proteins
The metal binding activity of the three recombinant proteins is shown on Figure 3 . In accordance with previous findings, C4 recombinant protein bound specifically to Cu 2+ , Zn 2+ , Cd
2+
, and Co 2+ 2,5 (Fig 3 (A) ). C8 and C4His fusion proteins were constructed and also tested for the binding activity. C8 recombinant protein also bound to Cu 2+ , Zn 2+ , Cd 2+ , and Co 2+ (Fig 3 (B) ), whereas, C4His recombinant protein did not bind to any heavy metal tested since the protein was present in the unbound fraction (Data not shown).
Growth kinetics of the E. coli expressing heavy metal recombinant protein in the presence of heavy metals
Three genetically engineered E. coli harboring heavy metal-binding domains, C4, C8 and C4His rich, were compared for their heavy metals sensitivity using E. coli harboring only pRSET plasmid as control. Expression of C4 and C8 metal binding motif conferred increased Cu 2+ and Cd 2+ resistance to the engineered E. coli strain compared to the control (p<0.05). As shown in Figure 4A and fold higher than the control. E. coli expression of C4 and C8 fusion protein was more effective in bioaccumulating Cu 2+ than that of the control. The level of intracellular Cu 2+ accumulation was 1.8 and 2.7 fold higher than the control. There was no difference in intracellular copper accumulation of E. coli expression C4His fusion protein.
DISCUSSION
Heavy metal binding domains have the capacity to bind and accumulate various types of heavy metal. E. coli expressing heavy metal and Cu 2+ higher than the control. This result was consistent with a previous study that showed E. coli expressing metallothionein from various species have the ability to accumulate Cu 2+ and Cd 2+ over the control 11, 16, 21 . A previous study showed increased Cu 2+ sensitivity in E. coli expressing the copper transport gene in the cell wall 19 . E. coli with the expression of C4His which is a cysteine-rich motif fusion with copA showed no significant differences in the growth and intracellular accumulation of Cu 2+ compared to the control. No binding was found for this recombinant protein with any heavy metals. C4His recombinant protein cannot bind to Cd 2+ but E. coli that expressed C4His recombinant protein showed increased Cd 2+ sensitivity. This may be explained by the differences in the status of heavy metal ions that float freely in broth for the sensitivity test or the heavy metal ions that are immobilized on the surface of the resin used for metal binding assay 27, 28 In conclusion, this study showed that the metal binding domain of C8 recombinant protein bind heavy metals efficiently. Genetically engineered E. coli expressing C8 recombinant protein showed highest Cu 2+ and Cd 2+ intracellular bioaccumulation and can be used for bioremediation.
